The objective of this research was to study how the maximum vehicle weight (76 t) will affect roundwood transportation in environmentally efficient transportation system. Actual traffic levels were assessed with calculations based on the vehicle configurations (60, 64, 68, and 76 t) a year after the weight limit was raised. Consequences of this change were also assessed for predicted future traffic levels. The reduction in operational vehicle-km was 12.5% (versus a decrease of 9.3% based on the legal weight), though this may underestimate the long-term prediction (26.7%) that will be achieved when the roundwood transportation sector adjusts fully to the higher maximum weight limit. The migration of loads to heavier vehicles did not create any wood harvesting problems for 60, 64 and 68 t vehicle configurations. However, 76 t vehicles were often volume-constrained, so it was harder to achieve the maximum weight. The main operational challenge was pulpwood (3.5 and 4.0 m) when onboard loaders were not available. Based on comparison of roundwood length measurements as an indicator of volume-constraint vehicles, the best practice system is discussed to enable an efficient transportation system for sustainable wood procurement.
INTRODUCTION
The design of logistics systems for sustainable wood procurement for pulp production, including transportation management systems, is based on optimum solutions in the long term [1] . In this respect, along with economic sustainability, based on the idea of continuous forest yield, environmental sustainability has become a serious issue in Finland's forest management debate [2] . Since the 2000's, commitments to wood harvesting as a sustainable forest resource have also strengthened in the Finnish forest industry [3] . The main benefits of environmentally acceptable wood harvesting include increased supply of sustainable energy resources and reduced Carbon dioxide (CO2) gas emissions. According to the authors, economic and environmental sustainability is actually considered at the local level by wood procurement entrepreneurs and companies.
Stora Enso is one of the largest forest industry companies in Europe and it is an important pulp producer in the global forest industry. As a part of the wood procurement of the company, road transportation is used from forests to pulp mills. For example, in Finland, 75% of the timber used by the forest industry is transported to the mill by 1,700 vehicles [4] . The remaining 25% is transported to the mill either by train (22%) or by water (3%), although these methods include transporting roundwood for an average of 50 km at the beginning of the transportation chain. In 2013, the typical vehicle configuration used to support Nordic cut-to-length systems was a three-axle truck pulling a four-axle trailer [5] . To clarify the terminology, a truck is defined henceforth as a tractor with an integrated (non-detachable) load bed. The maximum weight of such vehicles, including payload, was limited to 60 t in 1993 [6] . The maximum weight is often considered to be less important than the axle weight, since the weight per axle determines the damage done to the road. In 2013, the Ministry of Transport and Communications of Finland increased the maximum weight to 76 t for Larger and Heavier Vehicles (LHV) equipped with nine axles (four axles in the truck and five axles in the trailer) ( Figure 1 ). The LHVs retain a similar or lower axle weight, so they should cause less damage to roads, all other factors being held constant. Regardless of the legal weight limit, the vehicles are designed to operate on highways as well as to work under the demanding conditions on narrow forest roads. The Finnish forest industry has been demanding the right to transport larger and heavier loads to improve the cost-effectiveness of timber transportation [7] . Their argument is that increasing the legal maximum weight of vehicles will enable entrepreneurs to optimize loads and thus reduce the amount of vehicle travel required to deliver a given quantity of roundwood ( Figure 2 ). Under certain operational conditions, this load factor, i.e. the proportion of the time during which vehicles travel with their full payload, can yield both economic and environmental benefits [8] . However, the vehicle configurations with total weights above 60 t have both strong supporters and strong opponents. Although the transportation efficiency gains are likely to be environmentally large and significant, critics of the proposal point out decreased safety and greater wear and tear on roads (particularly during the spring thaw) as potential concerns [9] [10] [11] . Furthermore, LHVs have only been used only on specific transportation routes. Therefore, more environmental knowledge about LHVs is needed. In Europe, most operational studies have only considered a weight increase from 40 t to 60 t and have not addressed the issues that arise with heavier loads [12] . In the United States and Canada, B-trains equipped with eight axles can exceed 62 t in weight, and the environment is sufficiently similar to that of Finland that the implications of their experience can be discussed for Finland. In the United States, Michigan limits the weight allowed on individual axles, depending upon the spacing between them, and allows a maximum of 11 axles [13] . After B-trains had been implemented in Michigan, the maximum gross vehicle weight still allowed on a vehicle that complies with US federal regulations rather than Michigan regulations was 36 t, with four of the vehicle's five axles carrying 7.7 t each. The calculated maximum allowable gross vehicle weight on the heaviest vehicle that complies with Michigan's regulations is 74 t, which can be achieved by using 11 properly spaced axles that each carries 6.7 t. It would take more than two 36 t trucks to carry the same cargo as a single 74 t Michigan truck. Environmental efficiency research has shown that these two smaller trucks would actually cause about 60% more pavement damage than the single heavier truck because of their higher axle loadings and the weight of a second tractor (compared with a single tractor for the B-train), at about 10 t per tractor [14] .
In Sweden, the increased maximum weights have been justified based on lower transportation costs, lower fuel consumption, and therefore lower emissions of environmental contaminants such as CO2 and diesel particulate matter [15, 16] . Swedish studies have also suggested that if 60 t vehicle configurations were replaced with 90 t LHVs equipped with eleven axles, this could reduce the total distance driven by as much as 21% [17] . In addition to improving environmental efficiency, this would decrease annual socio-economic costs by 4%, if the LHVs use the existing routes and bridges [17] . The low return was due to costs for improving bridge capacity or exceptionally high purchase costs for LHVs or some other factor. In this study, it is explained why the environmental efficiency is low based on the 76 t implications for Finnish LHVs.
Finnish studies have reported that if the 60 t vehicle configurations were replaced with 76 t LHVs and these LHVs used the same routes and road infrastructure, the larger capacity (Table 1) could decrease CO2 and Nitrogen oxides (NOx) emissions by as much as 32 and 41%, respectively [18] . Increasing the weight limit to 76 t would therefore improve the environmental efficiency of wood transportation. In addition to the environmental benefits and lower transport costs (EUR 200 × 10 6 per year) [18] , this change has been justified based on the smaller stress on the road (a 64% decrease) caused by the increased number of axles and based on increased road safety caused by a better weight distribution between the truck and trailer (Table 1 ) [18] . In the present study, it was investigated how transportation entrepreneurs have operated on a local wood procurement environment affected by increased LHV weight and migration to the heavier vehicles. Since the operational impact of the maximum weight limits will depend on the transportation entrepreneurs' desire to use the new trucks and trailers, the analysis assumed a synchronized system in which older and new LHV configurations are used simultaneously, at least during the early stages of adoption of the LHV technology ( Figure 3 ). The objective was to understand how the new maximum vehicle weight (76 t) has affected environmental efficiency of roundwood transportation. The traffic levels are analyzed and described for different vehicle capacities (64, 68, and 76 t) to reveal what they would offer in an environmentally efficient transport system. Payloads' roundwood lengths are also compared as an indicator of volume-constraint vehicles. In this respect, the aim is to find an optimal solution to payload's roundwood length on 76 t vehicles. 
MATERIALS AND METHODS
As a main data source, quantitative Enterprise Resource Planning (ERP) data from Stora Enso and Metsähallitus were used to calculate the operational impacts of the new vehicle configurations ( Table 2 ). The weight data is based on 11,530 loads transported from forests to pulp mills of Finnish forest industry. The number of trips per vehicle configuration ranged between 302 and 3,029. Modern vehicles (Models 2012 and 2013) were selected for this study. Figure 4 shows the total transportation quantities (t km) of the different vehicle configurations. In addition to the total quantities, revised traffic levels were calculated based on each legal maximum weight for the first time. Such an analysis has been performed for Finland in accordance with a procedure that considers the load factor and load migration to heavier vehicles [8, 19] . A series of Excel spreadsheets was constructed to perform the analysis. It incorporated data on the proportions of loads subject to a weight-and/or volume-constraint. It also allowed for variations in the extent to which weight-constrained loads would migrate from 60, 64, and 68 t vehicles to the 76 t vehicle configurations. Actually, timber trucking entrepreneurs are contractors of Stora Enso and Metsähallitus, which are responsible for transportation work. Survey data was used to profile the transportation entrepreneurs and define the most important groups for the calculations and statistical comparisons. The survey provided precise data from LHVs and their operational environment. A four page questionnaire was sent to 56 entrepreneurs, all of whom returned the questionnaire (i.e., a 100% response rate). The questionnaire was divided into seven parts, with questions about the background information, the vehicle configuration, the onboard loader, the truck's load space, the trailer, the trailer's load space, and the operational environment. The 7 th part asked about the roundwood transportation operations using open-ended questions.
In our statistical analysis of the operational environment, the vehicle configurations were divided into three groups based on the weights or payloads of the truck, the trailer, and the whole vehicle. These groups were subdivided based on the presence or absence of a loader mounted on the truck; none of the vehicles used a trailer-mounted loader. The average payload per trip can vary greatly as a result of variations in the lengths of the roundwood assortments. For example, the average payload of trucks without a loader was 17.8 t per trip, but ranged from 16.1 t to 21.7 t. The data were analyzed using the SPSS-X software [20] in two stages. First, the survey responses were analyzed using Kendall's rank-correlation coefficient (τ) to detect whether the groups being tested differed significantly in their response to each question. In the second stage, the groups of 76 t vehicle configuration were compared using non-parametric analysis of variance (the Kruskal-Wallis test) and compared these groups two at a time using the Mann-Whitney U-test. These statistical tests were used, because the variable values did not show a normal distribution.
RESULTS
The traffic levels were assessed for four vehicle configurations (60, 64, 68, and 76 t) in a synchronized system with all four configurations operating simultaneously. An increase in the maximum weight of the vehicle configurations would decrease the amount of vehicle travel required to deliver the same volume of roundwood to the mills (i.e., improved environmental efficiency). The total reduction in vehicle-km was 12.5% (versus 9.3% estimated based on the legal weights). Figure 5 shows the average vehicle and payload weights for the vehicle configurations. For example, the results show that 100% of the 60 t vehicle configurations were weight-constrained (i.e., the actual weight was greater than the legally mandated weight). For the 60 t vehicles, 45% of the vehicles weighed 110% or more of the legal maximum vehicle weight and the remainder (55%) weighed 125% or more of the legal maximum vehicle weight. 
configurations rarely carry less than a full load based on weight. Actually, the 64 and 68 t configurations were also fully loaded. Thus, the payloads carried by these vehicles were close to 100% of the legal limit. Only the 76 t configurations without a removable loader were not limited by the maximum weight (i.e., worse environmental efficiency). This means that 49% of these vehicles achieved a gross weight of between 96 and 99% of the maximum permitted vehicle weight. For 76 t configurations 39% of the travel distance was also subject to a volume constraint (i.e., the load weight was < 51 t), and 61% limited solely by the maximum vehicle weight.
For all vehicles, average transport distance ranged from 106 to 182 km ( Figure 6 ). The distance was measured by GIS from forest roadside to mill as the travel distance on road. Data of 64 and 68 t vehicles in Figure 6 have non-linear values (abnormally low), because these vehicles were used for short distance transport. Actually, transportation entrepreneurs together with managers of forest industry have decided transport schedules during the planning process of timber transportation. These modules were therefore not so efficient vehicle configurations in the synchronized transport system. In the current system, in which configurations with lower maximum weights continued to transport wood while LHVs were being adopted, the amount of wood being transported by 76 t LHVs will gradually increase, but in the short term, total travel per vehicle will be lower than it will be in the future with the heavier configurations. The system allowed for the possibility that maximum weight increase might generate additional road freight movement per larger vehicle configurations during the adjustment process towards 76 tonnes (i.e., improved environmental efficiency). The average roundwood transport increased from 21 × 10 6 t km for the 60 t vehicles to 27 × 10 6 t km for the 76 t vehicles for configurations without a removable loader (Figure 7) . In vehicle configurations equipped with removable loader, the increase was smaller: 17 × 10 The statistical tests were used to study influential factors of environmental efficiency in different operational environments of LHVs. The roundwood length affected the operational environment for the 76 t configurations. Both the total vehicle weight and the payload differed significantly (Kruskal-Wallis, p ≤ 0.05) among roundwood lengths. Table 3 shows the effects of roundwood length on the payload for the 76 t configuration. For pulpwood lengths of 3.5 to 4.0 m, operational challenges were observed (i.e., worse environmental efficiency): payloads were significantly less than the maximum payload (55.1 and 52.8 t without and with a detachable loader, respectively). Further, entrepreneurs believed that in addition to length, drying of the roundwood may decrease the wood weight and therefore decrease the payload during the spring and summer. Table 3 shows that payload volume became a more significant constraint than payload weight. According to the survey, the most influential infrastructural factor that entrepreneurs believed would affect their operations was bridge load capacity. The load capacity limited the roundwood transportation because the 76 t vehicle configurations were too heavy for bridge load capacities. The increase in limited bridge capacity and the maximum vehicle weight (from 60 t to 76 t) increased transport distance travelled and this concern may be important in practice (i.e., worse environmental efficiency). Entrepreneurs also believed that the condition of forest roads were significant concerns that may worse environmental efficiency. The quality of road care was mentioned by 55% entrepreneurs.
DISCUSSION
The Finnish national forecasts have depended heavily on expert judgments of the degree to which the heavier vehicles would be adopted in wood procurement of pulp production. Therefore, the decision to increase the maximum vehicle weight to 76 t starting in 2014 was contentious. Further, calculating the impact of the vehicle weight increase from 60 t to 76 t has been easier in Finland than elsewhere because Finland decouples vehicle weight limits from volume limits by standardizing the weight limit to 76 t across the country and assuming that the road infrastructure can safely accommodate the LHVs [18] . Actually, the wood transportation forecast by the Finnish government also assumes that 76 t vehicles carried more than 95% of their legal payload during 80% of the distance they travelled with a load [18] . These assumptions should be tested before widespread implementation of the LHVs. Although there was general agreement that the heavier loads would improve the economics of wood transportation, many suspected that the environment would suffer as a result of a shift from railway to road transportation and that damage to roads would increase [8, 10, 11, 18] . On the other hand, wood transportation entrepreneurs were not confident that the new logistics system would improve the cost-efficiency of their operations, especially for the 76 t vehicle configuration [9] . The same concerns have been discussed in the United Kingdom and the United States, where more research has been done on this issue than in other countries [8] . Based on the Swedish experience with 90 t vehicles [15] , operating costs should decrease, but this will need to be validated for the smaller Finnish vehicles (Figure 1) .
The present study used data from the Stora Enso and Metsähallitus road freight transportation to determine what has actually happened during a year of experience with the new maximum weight limits (Table 1) . Our analysis was facilitated by the availability of operational ERP data on the nature of the physical constraints on loading the LHVs. When these local factors are accounted for, the predicted traffic levels with increasing maximum weights appear to be reasonably accurate. The observed operational reduction in t km was 12.5% (versus a value of 9.3% based on the legal limit), though this value in turn is likely to underestimate the predicted long-term value (26.7%) that could be achieved when the wood transportation sector has fully adjusted to the new maximum weight limit ( Figure 5 ). The national studies appear to have overestimated the load factor of the 76 t vehicle configuration, i.e. the proportion of the time during which vehicles travel with their full payload also depending on the degree of migration from 60 t vehicles to 76 t vehicles. This is important at predicted traffic level, because the savings in t km are predicted to surpass the environmental costs [8, 17, [21] [22] [23] [24] . For example, the savings surpass the additional expenses required to construct and maintain roads with high bearing capacity and the additional cost of purchasing and maintaining the heavier vehicles. The latter research also suggests that, raising the weight limit could improve environmental efficiency, if the LHVs retain a similar or lower axle weight in the B-trains; if so, they would cause less damage to roads [13] . In future studies, it is planned to analyze the environmental benefits that the LHVs (configurations of 64, 68, and 76 t) will offer during later phases of the adaptation process, as well as the new traffic levels, road transport costs, and exhaust emissions.
Cut-to-length harvesting is a crucial infrastructural local factor responsible for sustainable roundwood supply to mills in Finland. The results of the present survey suggest that wood transportation entrepreneurs believed that roundwood characteristics (i.e., log length, water content) represent a major complication for their work. This belief is supported by the data in Table 3 ; taking full advantage of the weight increase permitted by the 76 t vehicle configuration depends strongly on the lengths in the roundwood assortment. Thus, roundwood lengths must be carefully considered when planning the environmentally efficient transportation system. Traffic levels with the 76 t configuration were volume-constrained, since the 76 t vehicles had difficulty achieving their maximum legal weight, particularly for vehicles with a detachable loader (Figure 7) . Roundwood drying was mentioned by entrepreneurs in this context, but the consequences of this phenomenon on environmental efficiency could be easily handled by predictive models [25] . The load capacity may be limited in roundwood transportation for 520 bridges, which according to the Finnish Transport Administration do not have the required bearing capacity [26] . The increase in limited bridge capacity (from 144 to 520 bridges) suggests that this concern may be important in practice. Entrepreneurs also believed that the condition and maintenance of local forest roads, especially in the winter, would be an important factor in successful roundwood supply when using current LHVs, because the high snowfall can bury roads and leave them impassable by heavy vehicles. It will also be necessary to study the effects of the spring thaw, which reduces the bearing capacity of roads and highways on the use of LHVs. However, due to the tight economic conditions in Finland, it is unlikely that the road maintenance budget will increase as the traffic increases [5] . Thus, to ensure a year-round roundwood supply to the pulp production, additional research will be needed to develop a new logistics system adapted to the use of LHVs.
Local operations of wood transportation are changing towards increased use of LHVs due to constantly tightening environmental regulations that requires improved environmental efficiency. Pajuoja and Hämäläinen [7] also noted that roundwood logistics is demanding new systems for harvesting and transportation and for the whole sustainable wood-procurement system. This is leading towards the development of more cooperative models in which the forest industry, wood transportation entrepreneurs, and harvesting entrepreneurs work together to clearly define the entrepreneurs' responsibilities and provide the necessary computerized support so they can meet these responsibilities [6, 27, 28] . To enhance the transportation environment, entrepreneurs are willing to work with their clients to plan wood procurement based on the use of LHVs [5, 9] . Therefore, to facilitate the implementation of LHVs, the objectives for a logistics system should be determined quickly.
Our results confirm that the increased maximum weight can yield significant benefits for the Finnish forest industry by improving the environmental efficiency of roundwood transportation. Based on our results, the number of vehicles could be reduced to 1,542 based on the new legal weights if some of the 1,700 conventional 60 t vehicles currently operating in Finland were replaced with LHVs in the following proportions: 8% 60 t vehicles, 40% 64 t vehicles, 47% 68 t vehicles, and 5% 76 t vehicles. If the conventional 60 t vehicles could be entirely replaced, with new proportions of 30% 64 t vehicles, 30% 68 t vehicles, and 30% 76 t vehicles, the number of vehicles could be reduced to 1,339. These changes (elimination of 158 to 361 vehicles) may have potentially serious effects on employment that should not be neglected. This is a problem in Canada, where entrepreneurs resist new technologies that are beneficial to their clients but would reduce their income. On the other hand, McKinnon [8] noted that long-term results with LHVs elsewhere in the world support proposals to allow larger and heavier vehicle configurations in both Europe and the Nordic countries. To conclude, load migration to heavier vehicles and the growth of maximum weights is ongoing in Finland based on the good experience of Canada and Sweden, where older vehicle configurations are being replaced with 90 t LHVs (Figure 3 ) [14] [15] [16] [17] . As LHVs travel with full loads during most of their travel in Finland, the experience in other areas should be studied to provide insights into the possibility of a further increase in the maximum weight limit. The methodology employed by McKinnon [8] could be used with the synchronized system to evaluate future scenarios in terms of their environmental benefits, though revision of some key parameters related to the load factor, load migration to larger vehicles, changes in traffic, and diversion of roundwood from other modes of transportation to trucks would be required based on experiences with the 76 t weight limit.
CONCLUSIONS
The objective of this research was to investigate and understand how the new maximum vehicle weight (76 t) will affect roundwood transportation in an environmentally efficient transportation system. The reduction in operational vehicle-km was 12.5%, though this may underestimate the long-term prediction (26.7%) that will be achieved when the roundwood transportation sector adjusts fully to the higher maximum weight limit. The results show that Finnish 76 t configuration was partly weight-constrained. The national studies appear to have overestimated the environmental efficiency of the 76 t vehicle configuration. Consequences of this lower change should be assessed for predicted future traffic levels that affect environmental efficiency of roundwood transportation. In this respect, it was investigated how transportation entrepreneurs have operated migration to the heavier vehicles. Since the operational impact of the maximum weight limits will depend on the transportation entrepreneurs' desire to use the new trucks and trailers, as the synchronized presented here system can be applied for solving this kind of problems, in which older and new LHV configurations are used simultaneously. The migration of loads to heavier vehicles did not create any wood harvesting problems for 60, 64, and 68 t vehicle configurations. However, 76 t vehicles were often volume-constrained, so it was harder to achieve the maximum weight. The main operational challenge was pulpwood (3.5 and 4.0 m). Based on our comparison of roundwood length measurements as an indicator of volume-constraint vehicles, the system can be used to find an optimal solution to payload's roundwood length on 76 t vehicles and to enable an efficient transportation system for sustainable wood procurement. The results presented in this study will be applicable in Finland, but the system is likely to be generally applicable in LHV configurations that have been developed for other countries, though possibly with some calibration.
